Pain and loss of function -both problems cause patients to visit a musculoskeletal specialist. Therefore, both lead symptoms should serve as a benchmark for new therapeutic approaches. New technologies generating digital biomarkers have the potential to significantly change musculoskeletal trials. However, more work is needed to agree upon data and variable standards, to improve user friendliness, and to ensure data integrity along the whole processing way. Therefore, rigorous and systematic testing of new technological approaches is required to establish new outcome variables suitable for musculoskeletal trials. Consortia of researchers working on similar technologies and outcome variables should collaborate from the beginning to enable comparing and pooling data. Early interaction with health authorities and regulatory bodies are necessary to pave the way for a widespread use of a new technology. 
The Need
Pain and loss of function -both problems cause patients to visit a musculoskeletal specialist. Therefore, both lead symptoms should serve as a benchmark for new therapeutic approaches. In other words, can we eradicate the pain and re-establish full function of the movement system? While pain is still a very subjective measure, musculoskeletal function can be assessed and quantified with two different measurement tools: asking the patients about certain functions or let patients perform them.
The first option results in patient-reported outcome (PRO). Systematic research in the last few years has broadened our understanding about the potential and limitations of this measurement tool. PRO using questionnaires is considered a subjective measure [1] . The clear advantage is that patients describe their functional status in relation to activities of daily living and quality of life. Therefore, the resulting scores are highly relevant to patients (high face validity). Psychometric evaluations reveal that many scores can be used to measure changes in disease status (high sensitivity to change) with high reproducibility in patients (high intraindividual reliability). However, they can be heavily confounded by patient perception and vary significantly between patients (high interindividual variability) [2] . For example, 5,000 steps per day can result in a very high subjective score of an elderly lady shortly after a hip fracture. In contrast, it would lead to a very unsatisfactory score in a young, otherwise healthy patient because it may represent only 50% of his/her usual performance.
Functional tests represent another option to quantify musculoskeletal function. These tests are considered objective measures [3] . Patients are asked to perform typical movements or tasks, which are measured or rated by the examiner. Advantages of performance tests include quantitative description of function, objective external assessment, and high sensitivity to change [4] . However, performance tests can be heavily confounded by the environment including the examiner as well as equipment but also by day-to-day variability. Their relevance for patients is often questionable because they are performed under lab conditions. A good illustration is the gait speed test. It is an inexpensive test, where patients are instructed to "walk at a comfortable pace" over a short distance and the mean speed is calculated using 5 m as a base. Although the test is considered a core indicator of health and functioning in disease and ageing, a number of confounding variables like test environment, instructor differences, or day-to-day variability limit the applicability of the test [5] .
Musculoskeletal Digital Biomarker
New technological solutions such as accelerometers and other motion sensors enable quantification of many different types of movement and mobility -not only under lab conditions but also in real life. Examples range from simple gait counters to complex technologies [6] . They tested the hypothesis that a long-term structured physical activity program is more effective than a health education program in reducing the risk of major mobility disability using self-reported walking and weight training activities and accelerometry-derived moderate intensity. While self-reported activities revealed a positive effect for both interventions, accelerometry-based data revealed another scenario. They indicate a short transient effect of the physical activity program and a decline for the health education intervention (Fig. 1 ). This study illustrates that new technologies such as accelerometry are less confounded than PROs, and demonstrate higher face validity than PROs and have the potential to better characterize all domains of the ICF (International Classification of Functioning, Disability and Health) disease models than traditional instruments (Fig. 2) . In addition, wearable devices can be utilized for remote monitoring, thereby reducing the number of necessary follow-up visits while generating more data points.
Digital Biomarkers in Musculoskeletal Trials
New technologies generating digital biomarkers have the potential to change musculoskeletal trials significantly. They generate new information closer to real life, such as real-life gait speed, falls within the individual environment, and upper extremity movement patterns during the day. Mobile monitoring using wearable devices enable continuous data streaming. The resulting data provide a wealth of additional data points, may decrease the need for follow-up visits, and may serve as a base for complex data processing such as movement pattern analyses. Successful applications include quantification of significant changes in gait quantity and quality under a constrained environment [7] , recovery of shoulder function after rotator cuff repair [8] and prediction of falls with accelerometry-based balance quanti- fication [9] . The combination with either data such as vital signs but also positioning data adds meaning to the pure biomechanical data. For example, the combination of positioning data (derived from GPS) with accelerometry data and vital parameters may explain gait adaptation and stumbling during uphill working resulting in shortness of breath.
Several pilot trials have demonstrated that new technology may generate digital biomarkers for musculoskeletal trials. However, more work is needed to agree upon data and variable standards, to improve user friendliness, and to ensure data integrity along the whole processing way. Therefore, rigorous and systematic testing of new technological approaches is required to establish new outcome variables suitable for musculoskeletal trials. They have to be established using standard guidelines for new diagnostic devices and outcome variables [10] . This includes characterization of face validity, accuracy, and reproducibility. On top, the complete data processing has to be described. This includes data generation, storage, processing, uploading into central systems, and calculation of aggregate variables [11] . It is crucial to characterize patient compliance with the technology, for example, with wear time. Data, such as total amount of steps per day, are not relevant without this additional information [12] . Data privacy has to be ensured during the complete process. Special care is necessary to document hardware versions as well as software updates. Comparability of data across different hardware and software versions needs to be documented. A compelling case is required to convince health authorities and payers to make use of the new technology. Therefore, studies are needed demonstrating that new variables are used for therapeutic decision-making that the number follow-up visits in a study can be decreased or additional data generated lead to new treatment approaches.
Consortia of researchers working on similar technologies and outcome variables should collaborate from the beginning to enable comparing and pooling of data [13] . Initiatives like COMET (Core Outcome Measures in Effectiveness Trials) can help define standards in clinical trials. Finally, early interaction with health authorities and regulatory bodies are necessary to pave the way for a widespread use of a new technology.
